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Toya TephraSimultaneous U–Pb and U–Th zircon dating using laser ablation-inductively coupled plasma-mass spectrometry
(LA-ICP-MS) was performed on the ~0.1 Ma Toya Tephra, Hokkaido, Japan. The method employs the concurrent
measurement of 206Pb, 230Th, and 238U signals, which enables the determination of 238U–206Pb (U–Pb) and
238U–230Th (U–Th) ages simultaneously. The U–Pb ages revealed that the Toya Tephra contains zircons with
ages that cluster at ~0.1 Ma (0.11 ± 0.01 Ma: error shown as 95% conﬁdence level) and xenocrysts with ages
N2 Ma. Excluding zircons N2 Ma, the U–Th method also gave an isochron age of ~0.1 Ma (108 ± 19 ka or
0.11 ± 0.02 Ma; error shown as 2σ). Therefore, both U–Pb and U–Th methods result in similar ages of ~0.1 Ma
for the Toya Tephra, in agreement with the quartz TL age (104 ± 30 to 118 ± 30 ka) of Ganzawa and Ike
(2011). It was revealed that the simultaneous U–Pb and U–Th zircon dating technique using LA-ICP-MS is easy
to apply and is useful for Quaternary tephras in that it can give age information on the tephra itself and
xenocrystic zircons in a quick and cost-effective manner. The double dating technique employed here has the
merit that zircons yielding Quaternary U–Pb ages can be immediately cross-checked by the U–Th method. It
was also revealed that the Toya Tephra magma crystallized zircons and experienced eruptions instantaneously
at ~0.1 Ma, which is an important implication to decipher magmatic and eruptive processes for caldera-
forming large volcanic systems.
© 2014 The Author. Published by Elsevier B.V. This is an open access article under the CC BY-NC-SA license
(http://creativecommons.org/licenses/by-nc-sa/3.0/).1. Introduction
Few attempts have been performed on dating zircons using U–Pb
and U–Th methods simultaneously, although there are essentially
no technical barriers. The U–Pb dating method is now applicable
to zircons as young as ~0.1 Ma (e.g. Bacon et al., 2000; Ito et al.,
2013a; Guillong et al., 2014), while the U–Th method can date zir-
cons up to 0.4 Ma. This means that both methods can validate each
other especially when dated simultaneously. With regard to dating
young zircons by the U–Pb method, an initial 230Th disequilibrium
correction is needed and common Pb contamination is problematic,
while U–Th dating is free from these problems although its datable
range is narrow.
In regard to dating zircons by both U–Pb and U–Th methods, Bacon
et al. (2000) applied sensitive high-resolution ion microprobe
(SHRIMP) to ~0.1 Ma granodiorite blocks ejected during a Holocene. This is an open access article undercaldera-forming eruption of Mount Mazama (USA), in which U–Pb
broadly constrained the timing of granodiorite intrusion and U–Th fur-
ther reﬁned its timing. Charlier et al. (2005) applied ﬁrstly thermal ion-
ization mass spectrometry (TIMS) and SHRIMP U–Th to zircons from
the young (b~45 ka) Taupo volcano (New Zealand) and then applied
SHRIMP U–Pb to obtain information related to magmatism older than
N~0.4Ma. Bachmann et al. (2007) applied SHRIMP U–Pb and U–Th dat-
ing to the 0.16Ma Kos Plateau Tuff (Greece), in which zircon cores were
dated by U–Pb to identify any inherited portion, whereas zircon rims
were dated by U–Th to better determine the time scales of magma as-
sembly and residence in the upper crust.
Compared with TIMS and SHRIMPmethods, laser ablation-inductively
coupled plasma-mass spectrometry (LA-ICP-MS) dating is much more
cost-effective and easy to apply (e.g. Jackson et al., 2004). Recently, Ito
et al. (2013a) showed that the LA-ICP-MS U–Pb method can date zircons
as young as 0.1 Ma. Ito et al. (2013a) also obtained a U–Th zircon
age of ~0.1 Ma using the same LA-ICP-MS system by changing ana-
lytical conditions (laser spot size from 40 μm to 60 μm, laser repeti-
tion rate from 5 Hz to 20 Hz, and dwell time for measured isotopes).
These studies applied U–Pb and U–Th dating methods separately,
whereas technically, it is possible to obtain U–Pb and U–Th agesthe CC BY-NC-SA license (http://creativecommons.org/licenses/by-nc-sa/3.0/).
Hokkaido
Fig. 1. Location map of the Toya Caldera that produced the Toya Tephra at ~0.1 Ma (Machida et al., 1987; Ganzawa and Ike, 2011). Two sample localities (Tateyama and Sonkaizawa) are
located within the symbol. Inset shows the location of Hokkaido Island in northern Japan.
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Here it is shown that simultaneous LA-ICP-MS U–Pb and U–Th dating
is useful for Quaternary zircons, by applying it to the age-constrained
0.1 Ma Toya Tephra (Japan).2. Geology and samples
The late Pleistocene Toya Tephra is the product of volcanic eruptions
that formed the present Toya Caldera (an approximately circular calde-
ra ~13 km in diameter), Hokkaido, Japan (Fig. 1). The tephra has a total
volume of 170 km3, comprising pyroclastic ﬂows (20 km3) and falls
(150 km3). The Toya Tephra is one of themost essential marker tephras
establishing a regional Quaternary chronostratigraphy (e.g. it is used to
help identify active faults) in Japan. These caldera-forming gigantic
eruptions are estimated to have occurred at 112–115 ka based on sever-
al dating approaches and geological evidence (e.g., stratigraphic correla-
tions of tephras and correlation of terrace heights) (Machida, 2002).
Recently, Ganzawa and Ike (2011) applied the single aliquot regenera-
tion–red thermal luminescence (SAR–RTL) dating on single quartz
grains from the Toya Tephra and obtained ages from 104 ± 30 to
118 ± 30 ka.Samples were obtained at two typical localities (Tateyama and
Sonkaizawa), both of which are well documented (Machida et al.,
1987; Japan Association for Quaternary Research, 1996). Both samples
show a similar lithology: they are pyroclastic ﬂow deposits containing
large amounts of pumice and small amounts of lithic fragments (mostly
andesite).
Zircons were separated from each tephra sample using standard
heavy liquid and magnetic techniques. Small amounts of zircons (a
few hundreds of grains per kilogram) were obtained from the tephra
samples. They were handpicked and embedded in a PFA Teﬂon sheet
and slightly polished (by ~1 μm depth) by diamond paste 6 μm in
diameter.3. Methodology
3.1. U–Pb dating
LA-ICP-MS U–Th–Pb dating was performed at the Central Research
Institute of Electric Power Industry (CRIEPI), using a Thermo Fisher Sci-
entiﬁc ELEMENT XR magnetic sector-ﬁeld ICP-MS coupled to a New
Wave Research UP-213 Nd-YAG laser. Data were acquired using
Table 1
LA-ICP-MS operating conditions at CRIEPI.
Laboratory & sample preparation
Laboratory name Central Research Institute of Electric Power Industry,
Japan
Sample type/mineral Zircons
Sample preparation Conventional separation, 1 cm PFA Teﬂon mount, 6 μm
polish to ﬁnish
Laser ablation system
Make, model & type NewWave Research UP-213
Ablation cell & volume NWR standard 1-volume cell, volume ~3 cm3
Laser wavelength 213 nm
Pulse width 4 ns
Energy density/ﬂuence 4–5 J/cm2 or 15 J/cm2
Repetition rate 10 Hz
Ablation duration 30 s
Ablation pit depth 20–30 μm pit depth, measured using confocal laser
microscopy
Spot size 40 μm or 65 μm
Sampling mode Single hole drilling, laser beam focused at the surface
Carrier gas and ﬂow 100% He, 0.5 l/min
ICP-MS instrument
Make, model & type Thermo Fisher Scientiﬁc ELEMENT XR, SF-ICP-MS
Sample introduction Ablation aerosol only
RF power 1200 W
Make-up gas ﬂow 0.8 l/min Ar
Detection system Single detector triple mode







Detector deadtime 11 ns
Data processing
Gas blank 30 s prior to each ablation spot
Calibration strategy Fish Canyon Tuff (FCT) used as primary reference
material, Plesovice, 91500 & Kurobegawa Granite used as
secondaries for quality control
Reference material
information




In-house spreadsheet data processing
Mass discrimination Mass bias correction normalized to the primary reference
material
Common-Pb correction 207Pb method Williams (1998)
Uncertainty level &
propagation




Plesovice: Wtd ave. 206Pb/238U age = 336.2 ± 4.3 Ma
(95% conf.),Kurobegawa Gr.: Wtd ave. 206Pb/238U
age = 0.74 ± 0.03 Ma (95% conf.)
Other information Drift of Pb/U ratio corrected by NIST SRM 610 glass
standard
212 H. Ito / Journal of Volcanology and Geothermal Research 289 (2014) 210–223instrumental parameters as shown in Table 1. Samples were ablated in
helium gas by pulses at a 10 Hz repetition rate. The focus of the laser
beam was ﬁxed at the sample surface throughout the data acquisition.
Three different sets of laser ablation parameters were adopted:
1) 40 μm circular laser spot with ~4 J/cm2 energy density (hereafter
called Exp. 1), 2) 40 μmcircular laser spotwith ~15 J/cm2 energy density
(Exp. 2), and 3) 65 μm square laser spot with ~5 J/cm2 energy density
(Exp. 3). The reason for choosing these different parameters is to
know the effect of energy density difference (Exp.1 and 2) and laser
spot size difference (Exp.1 and 3) on the U–Th–Pb dating result. Data
were acquired in electrostatic scanning (E-scan) mode over 1080
mass scans during a 30 s background measurement, followed by 30 s
sample ablation and then a 45 s background measurement. In order to
acquire U–Pb and U–Th ages simultaneously, the normal dating proce-
dure for U–Pb was changed in that 230Th was measured instead of
235U. 235U was calculated from 238U assuming 238U/235U = 137.88. Al-
though the value of 238U/235U is now recommended to be 137.818(Hiess et al., 2012), the difference is so small (0.04%) that it can be
neglected for young minerals as in this case.
Data for the ﬁrst 10 s of ablation were neglected to avoid surface Pb
contamination and signal instability, and the following 10 s of datawere
used for age calculation. Approximately 20 μm was drilled during the
30 s laser ablation for Exp.1 (30 μm for Exp.2, 25 μm for Exp.3) and
therefore data from 7 to 13 μm depths were analyzed for Exp. 1
(10–20 μm depths for Exp.2 and 8–17 μm for Exp.3).
Raw data were processed ofﬂine using an Excel spreadsheet pro-
gram created by the author. After gas blank correction, laser-induced el-
emental fractionation and instrumental mass discrimination for
207Pb/235U and 206Pb/238U ratios were corrected by normalization to
the Fish Canyon Tuff (FCT) zircon (Schmitz and Bowring, 2001). The
drift of the Pb/U ratio during the analytical session was monitored and
corrected by the NIST SRM 610 glass standard, which was analyzed
every 12 (in-between 10 unknowns, two standard zircons of Plesovice
(Slama et al., 2008) and 91500 (Wiedenbeck et al., 2004)) ablations.
No down-hole isotope ratios (Pb/U, Th/U) fractionation correction was
performed because data from the same depth range was used for stan-
dards and unknowns in each experiment. U and Th concentrationswere
quantiﬁed by comparing counts of 238U and 232Th for the sample rela-
tive to the standard 91500, which is assumed to have homogeneous U
and Th concentrations of 80 and 30 ppm respectively (Wiedenbeck
et al., 1995, 2004).
FCT zirconwas used as aU–Pb referencematerial because it has been
precisely dated by the ID-TIMS U–Pb method (Schmitz and Bowring,
2001; Wotzlaw et al., 2013) and repeated analyses of FCT conﬁrmed
its suitability as a U–Pb reference zircon (Ito et al., 2013a,b). FCT zircons
show a wide range of U and Th concentration and Th/U ratio (Schmitz
and Bowring, 2001), whereas the standard 91500 zircons show a very
narrow range. Therefore, for these values 91500 datawere used instead
of FCT data. To test the validity of the appliedmethod and the reproduc-
ibility of the obtained age data, zircons of known age from the
Kurobegawa Granite (0.81 ± 0.09 Ma: Ito et al., 2013b) were also
dated during the analytical session. The agreement of the results
(Tables 2–4; Fig. 2) with the reference age supports the validity of this
dating methodology.
Data processing and age calculations were completed using Isoplot
v. 3.75 (Ludwig, 2012). Individual 206Pb/238U grain ages were deter-
mined using the 206Pb/238U ratio, and the error was calculated based
on the time-series ﬂuctuation (standard error) of 206Pb/238U for the
time range adopted (i.e., 40–50 s from the start of the analysis).
Common-lead correction was accomplished using the 207Pb method
(Williams, 1998; Cocherie et al., 2009).
It should be mentioned that young (e.g., b2 Ma) U–Pb zircon
ages are strongly affected by disequilibrium of 230Th at the time
of zircon crystallization from themagma (Scharer, 1984). Therefore, in-
dividual zircon U–Pb ages were corrected using a factor f, where f =
(Th/U)zircon/(Th/U)magma (Scharer, 1984). The (Th/U)magma was as-
sumed to be 2.96, which was an average measured for the Toya Tephra
in Ganzawa and Ike (2011). The (Th/U)zircon was substituted by the
measured 232Th/238U of individual zircons.
3.2. U–Th dating
U–Th ages were obtained as follows. Firstly, all FCT zircon data were
plotted in a (230Th/232Th) vs. (238U/232Th) activity ratio diagram (Fig. 3).
As shown in Fig. 3A, the FCT data do not show secular equilibrium,
showing a slope of 0.739 ± 0.066 (2σ). By dividing each (230Th/232Th)
value by 0.739, FCT data are plotted on the equiline (Fig. 3B). Thus by
assuming that FCT zircons are in U-series secular equilibrium, in other
words, by applying the same treatment for age-unknown samples,
one can get a (230Th/232Th) vs. (238U/232Th) activity ratio diagram
(Charlier et al., 2003). By this treatment, the U–Th data of the
Kurobegawa Granite (U–Pb age of ~0.8 Ma) were plotted on the
equiline (Fig. 4), corroborating the validity of this U–Th dating
Table 2
LA-ICP-MS zirconU–Pb analytical results (Experiment 1with 40 μmcircular laser spot and 4 J/cm2 energy density). Zircons from ‘Tateyama’were used for Toya Tephra. Data in italicswere
excluded in Fig. 5A. Data in bold face were used in Figs. 5B and 6.
Sample
name
U Th Th/U f a f206%b Total rhoc Radiogenic Age [Ma]d MSWDe
(ppm) (ppm) 207Pb/206Pb 207Pb/235U 2σ 206Pb/238U 2σ 206Pb/238U 2σ 206Pb/238U 2σ
Fish Canyon Tuff (FCT)
FCT13-1-26 912 522 0.57 −0.6 0.04163 0.02783 0.00187 0.00485 0.00020 0.6 0.00485 0.00020 31.2 1.3
FCT13-1-27 1208 687 0.57 −0.5 0.04197 0.02547 0.00129 0.00440 0.00020 0.9 0.00440 0.00020 28.3 1.3
FCT13-1-28 765 368 0.48 5.7 0.09057 0.05354 0.05850 0.00429 0.00021 0.0 0.00404 0.00021 26.0 1.3
FCT13-1-29 877 582 0.66 −0.8 0.03990 0.02458 0.00111 0.00447 0.00010 0.5 0.00447 0.00010 28.7 0.7
FCT13-1-30 992 463 0.47 −0.2 0.04462 0.02685 0.00104 0.00436 0.00010 0.6 0.00436 0.00010 28.1 0.7
FCT13-1-31 628 565 0.90 −0.1 0.04498 0.02761 0.00147 0.00445 0.00009 0.4 0.00445 0.00009 28.6 0.6
FCT13-1-32 844 454 0.54 −0.4 0.04267 0.02577 0.00159 0.00438 0.00015 0.6 0.00438 0.00015 28.2 1.0
FCT13-1-33 1315 448 0.34 −0.3 0.04359 0.02380 0.00093 0.00396 0.00014 0.9 0.00396 0.00014 25.5 0.9
FCT13-1-34 811 356 0.44 2.2 0.06332 0.03606 0.00201 0.00413 0.00008 0.3 0.00404 0.00008 26.0 0.5
FCT13-1-35 179 101 0.57 25.1 0.24304 0.20958 0.07595 0.00625 0.00076 0.3 0.00469 0.00076 30.1 4.9
FCT13-1-36 531 309 0.58 0.1 0.04680 0.02739 0.00300 0.00424 0.00016 0.4 0.00424 0.00016 27.3 1.0
FCT13-1-37 511 282 0.55 0.3 0.04838 0.02893 0.00396 0.00434 0.00011 0.2 0.00432 0.00011 27.8 0.7
FCT13-1-38 530 330 0.62 −0.2 0.04433 0.02671 0.00163 0.00437 0.00022 0.8 0.00437 0.00022 28.1 1.4
FCT13-1-39 488 193 0.39 −0.2 0.04467 0.02810 0.00150 0.00456 0.00014 0.6 0.00456 0.00014 29.3 0.9
FCT13-1-40 864 504 0.58 −0.5 0.04192 0.02600 0.00125 0.00450 0.00010 0.5 0.00450 0.00010 28.9 0.6
FCT13-1-41 697 399 0.57 1.7 0.05980 0.03754 0.00562 0.00455 0.00015 0.2 0.00447 0.00015 28.8 1.0
FCT13-1-42 549 326 0.59 −0.1 0.04535 0.02736 0.00154 0.00438 0.00010 0.4 0.00438 0.00010 28.1 0.6
FCT13-1-43 1035 834 0.81 0.1 0.04706 0.02833 0.00239 0.00437 0.00016 0.4 0.00436 0.00016 28.0 1.0
FCT13-1-44 1334 1165 0.87 0.3 0.04867 0.02959 0.00328 0.00441 0.00012 0.2 0.00439 0.00012 28.3 0.8





Toya1-1 1021 872 0.85 0.29 3.6 0.07442 0.04067 0.00766 0.00396 0.00009 0.1 0.00382 0.00009 24.59 0.60
Toya1-2 1155 358 0.31 0.11 116.1 0.95842 0.01535 0.00478 0.00012 0.00004 1.0 -0.00002 0.00004 −0.12 0.23
Toya1-3 3099 1367 0.44 0.15 70.4 0.59957 0.00964 0.00307 0.00012 0.00004 1.2 0.00003 0.00004 0.22 0.28
Toya1-4 982 1031 1.05 0.36 8.2 0.11092 0.03279 0.00666 0.00214 0.00005 0.1 0.00197 0.00005 12.67 0.30
Toya1-5 211 92 0.44 0.15 19.5 0.19952 0.07438 0.03295 0.00270 0.00029 0.2 0.00218 0.00029 14.01 1.88
Toya1-6 1397 355 0.25 0.09 86.7 0.72724 0.01875 0.00593 0.00019 0.00007 1.2 0.00002 0.00007 0.16 0.45
Toya1-7 1056 363 0.34 0.12 73.3 0.62241 0.01275 0.00380 0.00015 0.00004 0.8 0.00004 0.00004 0.26 0.23
Toya1-8 649 383 0.59 0.20 17.6 0.18412 0.02190 0.00596 0.00086 0.00008 0.4 0.00071 0.00008 4.58 0.54
Toya1-9 1207 300 0.25 0.08 90.2 0.75470 0.01512 0.00883 0.00015 0.00006 0.7 0.00001 0.00006 0.09 0.40
Toya1-10 378 173 0.46 0.16 39.6 0.35698 0.03892 0.01184 0.00079 0.00014 0.6 0.00048 0.00014 3.08 0.92
Toya1-11 280 41,857 149.59 50.88 83.1 0.69937 1.18395 0.39383 0.01228 0.00400 1.0 0.00207 0.00400 13.34 25.73
Toya1-12 461 227 0.49 0.17 81.8 0.68898 3.75042 0.91995 0.03948 0.00796 0.8 0.00718 0.00796 46.15 51.13
Toya1-13 1601 2033 1.27 0.43 92.9 0.77641 0.03906 0.00711 0.00036 0.00005 0.8 0.00003 0.00005 0.17 0.32
Toya1-14 406 268 0.66 0.22 20.0 0.20337 0.02672 0.00654 0.00095 0.00009 0.4 0.00076 0.00009 4.91 0.57
Toya1-15 308 172 0.56 0.19 13.3 0.15051 0.05312 0.01050 0.00256 0.00007 0.1 0.00222 0.00007 14.29 0.47
Toya1-16 332 46,451 140.09 47.65 95.6 0.79724 0.42358 0.08720 0.00385 0.00079 1.0 0.00017 0.00079 1.10 5.08
Toya1-17 255 159 0.62 0.21 21.3 0.21318 0.04421 0.01089 0.00150 0.00011 0.3 0.00118 0.00011 7.63 0.69
Toya1-18 1180 504 0.43 0.15 75.9 0.64277 0.01137 0.00595 0.00013 0.00007 1.1 0.00003 0.00007 0.20 0.48
Toya1-19 1173 348 0.30 0.10 82.0 0.69067 0.01536 0.00570 0.00016 0.00005 0.8 0.00003 0.00005 0.19 0.31
Toya1-20 1453 1641 1.13 0.38 0.0 0.04579 0.02994 0.00086 0.00474 0.00013 0.9 0.00474 0.00013 30.50 0.82
Toya1-21 1299 422 0.32 0.11 82.7 0.69639 0.01848 0.00118 0.00019 0.00002 1.7 0.00003 0.00002 0.21 0.13
Toya1-22 1686 690 0.41 0.14 78.5 0.66331 0.00720 0.00333 0.00008 0.00002 0.6 0.00002 0.00002 0.11 0.15
Toya1-23 134 80 0.60 0.20 15.1 0.16466 0.06445 0.01258 0.00284 0.00022 0.4 0.00241 0.00022 15.52 1.42
Toya1-24 1192 427 0.36 0.12 84.7 0.71137 0.05539 0.00463 0.00056 0.00004 0.9 0.00009 0.00004 0.56 0.28
Toya1-25 1273 386 0.30 0.10 59.8 0.51601 0.00604 0.00332 0.00008 0.00004 0.8 0.00003 0.00004 0.22 0.23
Toya1-26 1574 671 0.43 0.15 85.0 0.71403 0.00412 0.00215 0.00004 0.00001 0.3 0.00001 0.00001 0.04 0.04
Toya1-27 1075 327 0.30 0.10 61.9 0.53273 0.00615 0.00189 0.00008 0.00002 0.8 0.00003 0.00002 0.21 0.14
Toya1-28 408 289 0.71 0.24 80.6 0.67917 0.60823 0.06668 0.00650 0.00068 1.0 0.00126 0.00068 8.14 4.40
Toya1-29 241 153 0.63 0.22 41.8 0.37486 0.16148 0.03486 0.00312 0.00043 0.6 0.00182 0.00043 11.70 2.79
Toya1-30 308 47,663 154.69 52.61 168.9 1.37371 0.09289 0.02275 0.00049 0.00019 1.5 -0.00034 0.00019 −2.18 1.19
Kurobegawa Granite
KRG08-2-32 435 168 0.39 0.08 27.7 0.26390 0.00630 0.00145 0.00017 0.00001 0.4 0.00013 0.00001 0.81 0.09
KRG08-2-33 268 112 0.42 0.09 29.5 0.27812 0.00815 0.00185 0.00021 0.00003 0.6 0.00015 0.00003 0.97 0.18
KRG08-2-34 449 171 0.38 0.08 27.5 0.26203 0.00663 0.00170 0.00018 0.00001 0.2 0.00013 0.00001 0.86 0.05
KRG08-2-35 587 422 0.72 0.15 14.6 0.16076 0.00351 0.00131 0.00016 0.00002 0.3 0.00014 0.00002 0.87 0.11
KRG08-2-36 566 231 0.41 0.08 22.2 0.22072 0.00460 0.00088 0.00015 0.00001 0.3 0.00012 0.00001 0.76 0.05
KRG08-2-37 435 227 0.52 0.11 36.1 0.32962 0.00823 0.00228 0.00018 0.00001 0.2 0.00012 0.00001 0.75 0.07
KRG08-2-38 521 236 0.45 0.09 31.5 0.29344 0.00666 0.00247 0.00016 0.00002 0.3 0.00011 0.00002 0.73 0.13
KRG08-2-39 700 330 0.47 0.10 22.3 0.22145 0.00419 0.00185 0.00014 0.00002 0.2 0.00011 0.00002 0.69 0.10
KRG08-2-40 440 169 0.38 0.08 23.8 0.23306 0.00604 0.00157 0.00019 0.00002 0.3 0.00014 0.00002 0.92 0.10





P1-1-1 2254 321 0.14 0.5 0.05041 0.38205 0.07255 0.05497 0.00072 0.1 0.05467 0.00072 343.1 4.6
P1-1-2 1631 205 0.13 0.0 0.04578 0.34000 0.00511 0.05386 0.00072 0.9 0.05386 0.00072 338.2 4.6
(continued on next page)




U Th Th/U f a f206%b Total rhoc Radiogenic Age [Ma]d MSWDe
(ppm) (ppm) 207Pb/206Pb 207Pb/235U 2σ 206Pb/238U 2σ 206Pb/238U 2σ 206Pb/238U 2σ
P1-1-3 1855 247 0.13 0.0 0.04626 0.31521 0.01919 0.04942 0.00308 1.0 0.04941 0.00308 310.9 19.8
P1-1-4 1528 208 0.14 −0.1 0.04534 0.33751 0.00683 0.05399 0.00119 1.1 0.05399 0.00119 339.0 7.7
P1-1-5 3327 427 0.13 −0.1 0.04541 0.37017 0.00700 0.05913 0.00103 0.9 0.05913 0.00103 370.3 6.6
P1-1-6 2058 217 0.11 −0.1 0.04559 0.36426 0.00470 0.05794 0.00077 1.0 0.05794 0.00077 363.1 4.9
P1-1-7 2435 340 0.14 −0.1 0.04514 0.34375 0.00538 0.05523 0.00045 0.5 0.05523 0.00045 346.6 2.9
P1-1-8 2153 315 0.15 −0.1 0.04535 0.35071 0.00981 0.05608 0.00123 0.8 0.05608 0.00123 351.8 7.9
P1-1-9 2056 258 0.13 −0.1 0.04525 0.34983 0.00459 0.05608 0.00102 1.4 0.05608 0.00102 351.7 6.6
P1-1-10 1991 250 0.13 0.0 0.04606 0.34746 0.01076 0.05472 0.00185 1.1 0.05472 0.00185 343.4 11.9
P1-1-11 2667 355 0.13 0.0 0.04615 0.34296 0.00930 0.05390 0.00149 1.0 0.05390 0.00149 338.4 9.6
P1-1-12 1623 243 0.15 −0.1 0.04558 0.34478 0.01460 0.05487 0.00228 1.0 0.05487 0.00228 344.3 14.7
P1-1-13 1505 191 0.13 −0.1 0.04561 0.36395 0.00525 0.05788 0.00106 1.3 0.05788 0.00106 362.7 6.8
P1-1-14 1659 250 0.15 −0.1 0.04501 0.34097 0.01218 0.05494 0.00145 0.7 0.05494 0.00145 344.8 9.3
P1-1-15 2101 268 0.13 −0.1 0.04553 0.32930 0.01572 0.05245 0.00241 1.0 0.05245 0.00241 329.6 15.5
P1-1-16 1835 202 0.11 −0.1 0.04550 0.33413 0.01159 0.05326 0.00183 1.0 0.05326 0.00183 334.5 11.8
P1-1-17 992 91 0.09 −0.1 0.04565 0.34244 0.01365 0.05441 0.00220 1.0 0.05441 0.00220 341.5 14.2
P1-1-18 1877 281 0.15 −0.1 0.04562 0.34627 0.00731 0.05505 0.00097 0.8 0.05505 0.00097 345.4 6.3
P1-1-19 2395 343 0.14 0.0 0.04585 0.32764 0.00529 0.05183 0.00092 1.1 0.05183 0.00092 325.8 6.0
P1-1-20 1530 229 0.15 0.0 0.04607 0.34886 0.01258 0.05492 0.00192 1.0 0.05492 0.00192 344.7 12.3
P1-1-21 1530 235 0.15 0.0 0.04597 0.35322 0.00538 0.05573 0.00077 0.9 0.05573 0.00077 349.6 5.0
P1-1-22 1398 214 0.15 −0.1 0.04502 0.33250 0.00714 0.05357 0.00153 1.3 0.05357 0.00153 336.4 9.8






a f = (Th/U)zircon/(Th/U)magma. Samplesb2 Mawere calculated assuming initial 230Th disequilibriumusing f value. b f206% denotes thepercentage of 206Pb that is commonPb. Correction
for common Pbwasmade usingmeasured 206Pb/238U and 207Pb/206Pb ratios. Data calculated less than 0%were treated as 0%. c rho: error correlation of 207Pb/235U and 206Pb/238U deﬁned as
(err206Pb/238U)/(err207Pb/235U). d Error of weighted mean is shown as 95% conﬁdence level. e MSWD: mean square weighted deviation.
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tionation factor (±0.066) is a systematic error, it is propagated
separately and added quadratically to the uncertainty of the un-
known U–Th age.
Here it should bementioned that the analyzed FCT zircon has awide
range of (238U/232Th) ratio of 3–16 (Fig. 3A), whichmakes the use of FCT
suitable for theU/Th fractionation correction,while the 91500has a nar-
row range of 13–16, making the 91500 unsuitable for this correction. As
for the Plesovice zircon, a wide range of (238U/232Th) ratio of 30–60 and
a U/Th fractionation factor of 0.59 ± 0.10 were obtained in this study.
Using this correction factor of 0.59, the U–Th data of the Kurobegawa
Granite were plotted above the equiline showing a slope of 1.31 ±
0.21. Therefore it seems that the Plesovice zircon is also not suitable
for the U/Th fractionation correction. In this regard, the FTC zircon
seemsmore suitable than the Plesovice and the 91500 zircons for simul-
taneous dating of U–Pb and U–Th.4. Results
4.1. U–Pb age
In this study, the Kurobegawa Granite (Japan), which was dated at
~0.8 Ma (Ito et al., 2013b) was analyzed to check the validity of the dat-
ingmethodology for young zircons. Datingwas performed 3 times with
different experimental conditions. As shown in Fig. 2 and Tables 2–4,
the Kurobegawa Granite showed a weighted mean age of 0.74 ±
0.03 Ma, in agreement with the reference age of 0.81 ± 0.09 Ma (Ito
et al., 2013b). The Plesovice zircon, which was also used as a secondary
standard, showed U–Pb ages from 331.5 ± 7.4 Ma (Exp.2: Table 3) to
345.7 ± 7.4 Ma (Exp.1: Table 2), yielding an overall weighted mean
age of 336.2 ± 4.3 Ma, also in agreement with the reference age of
337.13 ± 0.37 Ma (Slama et al., 2008).Zircons from the Toya Tephra show various ages (Tables 2–4). Those
with high content of common Pb (shown as f206% in Tables 2–4) and a
few zircons with large negative values show large errors. This indicates
unreliable ages due to large ﬂuctuations of 206Pb signals for the adopted
time range of 40–50 s. Therefore, I adopt data that are 0 b f206% b 75%.
Fig. 5A shows age distribution of zircons that passed this criterion (An
exception is Toya2-36 in Table 4, which has a large age error with
f206% of 47%). Out of 42 zircons, most zircons show ages younger than
1Ma and the others show 2 to 30Ma. The latter reﬂects xenocrystic zir-
cons derived fromvolcanic activities of primarily Neogene age (so called
‘Green Tuff’ volcanic activities; e.g. Tomaru et al., 2009). Fig. 5B shows
the probability distribution of ages younger than 1 Ma. A dominant
peak of 0.1 Ma reﬂects the crystallization age of the Toya Tephra. Addi-
tionally, theremight have been an earliermagmatic event that occurred
at ~1.4 Ma. Fig. 6 shows the individual age plot arranged according to
each experiment. An overall weighted mean age of 0.106 ± 0.013 Ma
was obtained. Exp. 2 shows the highest precision, likely due to the
smaller crystals size used in the experiment rather than Exp. 2 having
favorable experimental condition. This is because all experiments
show similar results for the Kurobegawa Granite (Fig. 2).
The obtained U–Pb age of 0.106 ± 0.013 Ma neglects the uncer-
tainty of (Th/U)magma. The adopted value of 2.96 may differ from 2
to 4 (Schmitt et al., 2003; Charlier et al., 2010). Adopting the value
of 2 (4) yields the age of 0.101 ± 0.013 Ma (0.108 ± 0.013 Ma). Re-
cently, the initial 230Th disequilibrium correction by Scharer (1984)
was shown uncorrected for ages b~0.3 Ma, and another equation
was proposed (Sakata et al., 2013; Guillong et al., 2014). The new
equation changes the obtained age from 0.106 Ma to ~0.07 Ma.
The ~0.07 Ma age is younger than the ~0.1 Ma eruption age of the
Toya tephra, which is implausible in that U–Pb zircon ages should
be equal to or older than the corresponding eruption ages. Therefore
the U–Pb age of 0.11 ± 0.02 Ma is assumed to be the best estimate
for the Toya Tephra.
Table 3
LA-ICP-MS zircon U–Pb analytical results (Experiment 2 with 40 μm circular laser spot and 15 J/cm2 energy density). Zircons from ‘Sonkaizawa’were used for Toya Tephra. Data in italics
were excluded in Fig. 5A. Data in bold face were used in Figs. 5B and 6.
Sample
name
U Th Th/U f a f206%b Total rhoc Radiogenic Age [Ma]d MSWDe
(ppm) (ppm) 207Pb/206Pb 207Pb/235U 2σ 206Pb/238U 2σ 206Pb/238U 2σ 206Pb/238U 2σ
Fish Canyon Tuff (FCT)
FCT13-2-11 549 273 0.50 −0.6 0.04144 0.02462 0.00125 0.00431 0.00009 0.4 0.00431 0.00009 27.7 0.6
FCT13-2-12 423 359 0.85 −0.4 0.04315 0.02626 0.00134 0.00441 0.00016 0.7 0.00441 0.00016 28.4 1.0
FCT13-2-13 449 229 0.51 0.3 0.04817 0.02897 0.00175 0.00436 0.00007 0.3 0.00435 0.00007 28.0 0.5
FCT13-2-14 382 250 0.66 35.9 0.32815 0.35192 0.06030 0.00778 0.00063 0.5 0.00499 0.00063 32.1 4.0
FCT13-2-15 672 1364 2.03 −0.8 0.03970 0.02646 0.00125 0.00483 0.00012 0.5 0.00483 0.00012 31.1 0.8
FCT13-2-16 274 192 0.70 −0.3 0.04370 0.02683 0.00182 0.00445 0.00012 0.4 0.00445 0.00012 28.6 0.8
FCT13-2-17 532 343 0.65 −0.6 0.04173 0.02437 0.00110 0.00424 0.00018 1.0 0.00424 0.00018 27.3 1.2
FCT13-2-18 414 186 0.45 3.8 0.07635 0.04738 0.01707 0.00450 0.00028 0.2 0.00433 0.00028 27.8 1.8
FCT13-2-19 504 500 0.99 0.1 0.04726 0.02894 0.00275 0.00444 0.00010 0.2 0.00443 0.00010 28.5 0.6





Toya2-1 372 284 0.76 0.26 10.5 0.12895 0.00943 0.00227 0.00053 0.00002 0.2 0.00047 0.00002 3.06 0.13
Toya2-2 221 257 1.16 0.40 82.4 0.69363 0.00732 0.00125 0.00008 0.00001 0.7 0.00001 0.00001 0.09 0.06
Toya2-3 2564 1456 0.57 0.19 33.7 0.31057 0.00100 0.00024 0.00002 0.00000 0.4 0.00002 0.00000 0.10 0.02
Toya2-4 1016 545 0.54 0.18 70.4 0.59902 0.00452 0.00026 0.00005 0.00000 1.0 0.00002 0.00000 0.10 0.02
Toya2-5 447 424 0.95 0.32 62.2 0.53472 0.06800 0.02226 0.00092 0.00020 0.7 0.00035 0.00020 2.25 1.28
Toya2-6 157 36,970 235.40 80.07 117.1 0.96656 0.14432 0.03080 0.00108 0.00030 1.3 -0.00019 0.00030 −1.20 1.90
Toya2-8 204 48,516 237.37 80.74 148.7 1.21506 0.24292 0.22227 0.00145 0.00092 0.7 -0.00071 0.00092 −4.56 5.90
Toya2-9 1932 1318 0.68 0.23 36.6 0.33351 0.00118 0.00031 0.00003 0.00000 0.4 0.00002 0.00000 0.10 0.02
Toya2-10 1155 584 0.51 0.17 84.0 0.70608 0.00403 0.00230 0.00004 0.00001 0.2 0.00001 0.00001 0.04 0.04
Toya2-11 409 93,918 229.58 78.09 −134.3 −1.00932 0.01925 0.00338 -0.00014 0.00002 −0.9 -0.00014 0.00002 −0.89 0.15
Toya2-12 306 206 0.67 0.23 78.6 0.66355 0.27824 0.06517 0.00304 0.00061 0.8 0.00065 0.00061 4.20 3.90
Toya2-13 263 55,301 210.05 71.44 96.1 0.80126 0.17966 0.08476 0.00163 0.00090 1.2 0.00006 0.00090 0.41 5.77
Toya2-14 2085 1380 0.66 0.23 42.6 0.38124 0.00134 0.00028 0.00003 0.00000 0.4 0.00001 0.00000 0.09 0.02
Toya2-15 305 71,825 235.42 80.08 2219.6 17.48986 0.02816 0.00978 0.00001 0.00011 26.1 -0.00025 0.00011 −1.60 0.68
Toya2-16 908 6613 7.28 2.48 79.4 0.67045 0.02748 0.00496 0.00030 0.00006 1.1 0.00006 0.00006 0.39 0.38
Toya2-19 959 425 0.44 0.15 78.5 0.66307 0.03436 0.00954 0.00038 0.00010 1.0 0.00008 0.00010 0.52 0.64
Toya2-20 1191 534 0.45 0.15 56.9 0.49339 0.00346 0.00097 0.00005 0.00001 0.7 0.00002 0.00001 0.14 0.06
Toya2-21 363 83,257 229.23 77.97 119.2 0.98256 0.13483 0.07935 0.00100 0.00078 1.3 -0.00019 0.00078 −1.23 5.05
Toya2-22 216 54,347 251.53 85.55 93.2 0.77833 0.28387 0.04473 0.00265 0.00040 1.0 0.00018 0.00040 1.16 2.56
Toya2-23 1508 764 0.51 0.17 32.7 0.30312 0.00094 0.00025 0.00002 0.00000 0.2 0.00002 0.00000 0.10 0.01
Toya2-24 1117 486 0.44 0.15 43.5 0.38783 0.00198 0.00024 0.00004 0.00000 0.7 0.00002 0.00000 0.13 0.02
Toya2-25 1937 8176 4.22 1.44 0.3 0.04877 0.01452 0.00108 0.00216 0.00008 0.5 0.00215 0.00008 13.86 0.53
Toya2-26 356 82,429 231.39 78.70 107.7 0.89281 0.11068 0.00598 0.00090 0.00011 2.3 -0.00007 0.00011 −0.45 0.71
Toya2-27 269 55,450 206.30 70.17 94.0 0.78508 0.30636 0.15126 0.00283 0.00155 1.1 0.00017 0.00155 1.09 9.99
Toya2-28 336 67,474 200.68 68.26 −252.4 −1.93787 0.01652 0.00203 -0.00006 0.00003 −4.5 -0.00006 0.00003 −0.40 0.22
Toya2-29 360 79,568 221.21 75.24 −186.9 −1.42260 0.02310 0.00243 -0.00012 0.00004 −3.0 -0.00012 0.00004 −0.76 0.24
Toya2-30 208 108 0.52 0.18 13.7 0.15367 0.00984 0.00535 0.00046 0.00006 0.2 0.00040 0.00006 2.58 0.36
Kurobegawa Granite
KRG08-2-42 311 163 0.52 0.11 28.7 0.27130 0.00677 0.00089 0.00018 0.00002 0.8 0.00013 0.00002 0.83 0.12
KRG08-2-43 305 259 0.85 0.18 69.6 0.59285 0.06280 0.05092 0.00077 0.00046 0.7 0.00023 0.00046 1.51 2.98
KRG08-2-44 519 491 0.95 0.20 58.4 0.50503 0.02511 0.02035 0.00036 0.00021 0.7 0.00015 0.00021 0.97 1.35
KRG08-2-45 324 139 0.43 0.09 20.8 0.20967 0.00391 0.00092 0.00014 0.00001 0.4 0.00011 0.00001 0.69 0.08
KRG08-2-46 441 332 0.75 0.16 20.5 0.20744 0.00454 0.00115 0.00016 0.00001 0.3 0.00013 0.00001 0.81 0.08
KRG08-2-47 436 333 0.76 0.16 22.2 0.22065 0.00391 0.00162 0.00013 0.00001 0.1 0.00010 0.00001 0.65 0.05
KRG08-2-48 796 453 0.57 0.12 31.3 0.29242 0.00584 0.00145 0.00014 0.00001 0.2 0.00010 0.00001 0.64 0.05
KRG08-2-49 622 445 0.72 0.15 23.2 0.22863 0.00475 0.00117 0.00015 0.00002 0.6 0.00012 0.00002 0.75 0.14
KRG08-2-50 600 310 0.52 0.11 38.8 0.35094 0.00940 0.00529 0.00019 0.00006 0.5 0.00012 0.00006 0.77 0.36





P3-1-6 772 76 0.10 2.1 0.06247 0.46889 0.01108 0.05444 0.00028 0.2 0.05331 0.00028 334.79 1.82
P3-1-7 1194 181 0.15 −0.2 0.04450 0.32041 0.00486 0.05222 0.00069 0.9 0.05222 0.00069 328.14 4.48
P3-1-8 1267 208 0.16 −0.2 0.04479 0.32933 0.00635 0.05333 0.00110 1.1 0.05333 0.00110 334.91 7.11
P3-1-9 582 57 0.10 −0.2 0.04433 0.30309 0.01079 0.04959 0.00195 1.1 0.04959 0.00195 311.99 12.57
P3-1-10 709 71 0.10 2.5 0.06604 0.49509 0.05848 0.05437 0.00106 0.2 0.05299 0.00106 332.86 6.85
P3-1-11 762 81 0.11 −0.2 0.04452 0.32495 0.00679 0.05294 0.00097 0.9 0.05294 0.00097 332.54 6.25




a f = (Th/U)zircon/(Th/U)magma. Samplesb2 Mawere calculated assuming initial 230Th disequilibriumusing f value. b f206% denotes thepercentage of 206Pb that is commonPb. Correction
for common Pbwasmade usingmeasured 206Pb/238U and 207Pb/206Pb ratios. Data calculated less than 0%were treated as 0%. c rho: error correlation of 207Pb/235U and 206Pb/238U deﬁned as
(err206Pb/238U)/(err207Pb/235U). d Error of weighted mean is shown as 95% conﬁdence level. e MSWD: mean square weighted deviation.
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Table 4
LA-ICP-MS zircon U–Pb analytical results (Experiment 3 with 65 μm square laser spot and 5 J/cm2 energy density). Zircons from ‘Sonkaizawa’ were used for Toya Tephra. Data in italics
were excluded in Fig. 5A. Data in bold face were used in Figs. 5B and 6.
Sample
name
U Th Th/U f a f206%b Total rhoc Radiogenic Age [Ma]d MSWDe
(ppm) (ppm) 207Pb/206Pb 207Pb/235U 2σ 206Pb/238U 2σ 206Pb/238U 2σ 206Pb/238U 2σ
Fish Canyon Tuff (FCT)
FCT13-2-41 686 383 0.56 −2.1 0.02978 0.01786 0.00116 0.00435 0.00004 0.2 0.00435 0.00004 28.0 0.3
FCT13-2-42 422 261 0.62 16.7 0.17737 0.16808 0.04962 0.00687 0.00070 0.3 0.00572 0.00070 36.8 4.5
FCT13-2-43 624 441 0.71 −1.2 0.03668 0.02232 0.00126 0.00441 0.00009 0.4 0.00441 0.00009 28.4 0.6
FCT13-2-44 282 184 0.65 4.6 0.08197 0.05507 0.03849 0.00487 0.00066 0.2 0.00465 0.00066 29.9 4.3
FCT13-2-45 267 283 1.06 −1.0 0.03827 0.02265 0.00694 0.00429 0.00012 0.1 0.00429 0.00012 27.6 0.8
FCT13-2-46 240 188 0.78 3.5 0.07334 0.04898 0.01243 0.00484 0.00045 0.4 0.00468 0.00045 30.1 2.9
FCT13-2-47 116 107 0.92 −0.2 0.04478 0.02673 0.00585 0.00433 0.00010 0.1 0.00433 0.00010 27.8 0.7
FCT13-2-48 552 359 0.65 −1.1 0.03746 0.02162 0.00387 0.00419 0.00007 0.1 0.00419 0.00007 26.9 0.4
FCT13-2-49 198 72 0.36 −1.0 0.03819 0.02284 0.00328 0.00434 0.00009 0.1 0.00434 0.00009 27.9 0.6





Toya3-2 131 90 0.69 0.23 38.1 0.34539 0.13268 0.03230 0.00279 0.00038 0.6 0.00173 0.00038 11.11 2.46
Toya3-3 823 262 0.32 0.11 46.5 0.41191 0.00603 0.00086 0.00011 0.00002 1.2 0.00006 0.00002 0.37 0.12
Toya3-4 396 59,647 150.75 51.28 73.2 0.62154 0.15416 0.19316 0.00180 0.00035 0.2 0.00048 0.00035 3.10 2.25
Toya3-5 314 46,654 148.47 50.50 52.4 0.45765 0.13850 0.04053 0.00219 0.00014 0.2 0.00105 0.00014 6.74 0.92
Toya3-6 439 144 0.33 0.11 2.5 0.06547 0.01206 0.00157 0.00134 0.00004 0.2 0.00130 0.00004 8.39 0.27
Toya2-32 1195 1828 1.53 0.52 59.1 0.51043 0.00610 0.00363 0.00009 0.00003 0.6 0.00004 0.00003 0.23 0.21
Toya2-35 347 193 0.56 0.19 14.0 0.15585 0.01001 0.00157 0.00047 0.00002 0.3 0.00040 0.00002 2.58 0.16
Toya2-36 338 282 0.83 0.28 46.5 0.41127 0.95069 0.73039 0.01677 0.01218 0.9 0.00898 0.01218 57.60 78.02
Toya2-37 470 390 0.83 0.28 37.3 0.33888 0.19694 0.04193 0.00421 0.00066 0.7 0.00264 0.00066 17.03 4.24
Toya2-38 906 63,183 69.74 23.72 37.9 0.34409 0.02394 0.00705 0.00050 0.00008 0.6 0.00031 0.00008 2.02 0.54
Toya2-39 830 1550 1.87 0.64 40.2 0.36180 0.16352 0.06171 0.00328 0.00101 0.8 0.00196 0.00101 12.63 6.49
Toya2-40 778 281 0.36 0.12 41.9 0.37512 0.00231 0.00109 0.00004 0.00002 0.8 0.00003 0.00002 0.17 0.11
Toya2-41 577 173 0.30 0.10 39.1 0.35351 0.00279 0.00109 0.00006 0.00002 1.0 0.00003 0.00002 0.22 0.15
Toya2-42 989 534 0.54 0.18 51.0 0.44709 0.00902 0.00135 0.00015 0.00002 0.9 0.00007 0.00002 0.46 0.13
Toya2-43 659 366 0.56 0.19 49.5 0.43534 0.00981 0.00304 0.00016 0.00005 0.9 0.00008 0.00005 0.53 0.31
Toya2-44 279 46,639 166.96 56.79 31.0 0.28938 0.03751 0.00366 0.00094 0.00007 0.8 0.00065 0.00007 4.18 0.48
Toya2-45 1188 7152 6.02 2.05 43.8 0.39040 0.00990 0.00184 0.00018 0.00003 0.9 0.00010 0.00003 0.67 0.20
Kurobegawa Granite
KRG08-3-1 499 479 0.96 0.20 10.3 0.12692 0.00206 0.00050 0.00012 0.00001 0.3 0.00011 0.00001 0.68 0.06
KRG08-3-2 477 208 0.44 0.09 21.7 0.21628 0.00488 0.00476 0.00016 0.00008 0.5 0.00013 0.00008 0.83 0.53
KRG08-3-3 633 350 0.55 0.12 15.5 0.16797 0.00334 0.00098 0.00014 0.00002 0.4 0.00012 0.00002 0.79 0.11
KRG08-3-4 373 170 0.46 0.09 31.5 0.29331 0.01174 0.00341 0.00029 0.00004 0.5 0.00020 0.00004 1.28 0.28
KRG08-3-5 436 191 0.44 0.09 27.3 0.26029 0.00811 0.00324 0.00023 0.00006 0.6 0.00016 0.00006 1.06 0.37
KRG08-3-6 626 330 0.53 0.11 4.9 0.08425 0.00132 0.00022 0.00011 0.00001 0.3 0.00011 0.00001 0.70 0.03
KRG08-3-7 523 255 0.49 0.10 22.3 0.22104 0.00511 0.00120 0.00017 0.00002 0.5 0.00013 0.00002 0.84 0.14
KRG08-3-8 472 234 0.49 0.10 33.9 0.31290 0.01337 0.00216 0.00031 0.00003 0.6 0.00020 0.00003 1.32 0.18
KRG08-3-9 356 191 0.54 0.11 26.9 0.25767 0.00622 0.00240 0.00018 0.00002 0.3 0.00013 0.00002 0.82 0.14





P3-1-44 1504 161 0.11 −2.1 0.02928 0.21329 0.00207 0.05283 0.00060 1.2 0.05283 0.00060 331.89 3.88
P3-1-45 1205 128 0.11 −2.1 0.02937 0.21021 0.00282 0.05191 0.00072 1.0 0.05191 0.00072 326.24 4.64
P3-1-46 1165 119 0.10 −2.2 0.02868 0.20915 0.00511 0.05290 0.00122 0.9 0.05290 0.00122 332.28 7.85
P3-1-47 1031 117 0.11 −2.2 0.02886 0.21403 0.00347 0.05379 0.00088 1.0 0.05379 0.00088 337.76 5.68
P3-1-48 1237 133 0.11 −2.0 0.03039 0.22799 0.00849 0.05442 0.00113 0.6 0.05442 0.00113 341.60 7.30
P3-1-49 858 91 0.11 −2.1 0.02937 0.21830 0.00369 0.05391 0.00089 1.0 0.05391 0.00089 338.51 5.74
P3-1-50 1074 133 0.12 −2.1 0.02938 0.20674 0.00449 0.05104 0.00086 0.8 0.05104 0.00086 320.89 5.55




a f = (Th/U)zircon/(Th/U)magma. Samplesb2 Mawere calculated assuming initial 230Th disequilibriumusing f value. b f206% denotes thepercentage of 206Pb that is commonPb. Correction
for common Pbwasmade usingmeasured 206Pb/238U and 207Pb/206Pb ratios. Data calculated less than 0%were treated as 0%. c rho: error correlation of 207Pb/235U and 206Pb/238U deﬁned as
(err206Pb/238U)/(err207Pb/235U). d Error of weighted mean is shown as 95% conﬁdence level. e MSWD: mean square weighted deviation.
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Fig. 7A shows a U–Th isochron plot for all Toya Tephra zircons
using data in Table 5. The weighted mean age of 132 ± 29 ka is in-
accurate and shifts toward an older age, which is reasonable be-
cause the data include many xenocrysts as shown by the U–Pb
data (Fig. 5A; Tables 2–4). Fig. 7B shows a U–Th age from zirconsthat have U–Pb ages younger than 1 Ma. The U–Th age of 108 ±
16 ka has a smaller error and a lower mean square weighted devi-
ation (MSWD) and overlaps with the U–Pb age of 106 ± 13 ka
(this study) and the TL age of 104 ± 30 to 118 ± 30 ka (Ganzawa
and Ike, 2011). Taking into account the uncertainty of the U/Th frac-
tionation factor (±0.066), an age of 108 ± 19 ka is obtained for the
Toya Tephra.
=data-point error symbols are 2σ
1.4
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Mean = 0.742± 0.034 Ma [4.6%]  95% conf.
Wtd by data-pt errs only, 2 of 28 rej.







Fig. 2. Individual zircon U–Pb age arranged by experiments for the Kurobegawa Granite. Two data from Exp. 2 (KRG08-2-43, 44 in Table 3) were omitted because of large errors. Photos of
some analyzed zircons are also shown. Note that experiments 1 and 2 (Exp. 1 and 2) used a 40 μm circular laser beam and Exp. 3 a 65 μm square beam.
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age is strongly controlled by one analysis (Toya2-45: Fig. 7B). The Th/U
ratio of 6.02 for Toya2-45 (Table 4) is the highest among the 18 zircons16
data-point error ellipses are 2σ
230Th/U Age = 146± 28  ka 
MSWD = 1.4, probability = 0.051  on 40 points
230Th/238U 0 739± 0 066
Equiline
Fish Canyon Tuff (before)
((A)
12
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(238U/232Th)
Fig. 3. U–Th activity ratio diagrams before (A) and after (B) isotope (U–Th intethat have U–Pb ages b1 Ma and also it is above the equiline (Fig. 7B).
Therefore Toya2-45 may not be an autocryst from the Toyamagma. Ex-
cluding Toya2-45 yields a U–Th age of 163 ± 99 ka (MSWD = 2.9)20
24 data-point error ellipses are 2σ
230Th/U Age = 827± 19000  ka 
MSWD = 1.4, probability = 0.051  on 40 points
230Th/238U 0 999± 0 090
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r-element) fractionation correction for the Fish Canyon Tuff (FCT) zircons.
24
data-point error ellipses are 2σ
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Fig. 4. U–Th activity ratio diagram for the Kurobegawa Granite zircons.
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2.96 is used as a ﬁxed point on the equiline instead of using Toya2-45,
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Fig. 5. Laser ablation-inductively coupled plasma-mass spectrometry (LA-ICP-MS) U–Pb age dis
tive probability distribution) for 42 grains that have a commonPb component of between 0 and
disequilibrium.magma composition range of 2–4 yields U–Th ages from 125 ± 20 ka
to 133± 20 ka. Therefore the U–Th age of 108± 19 kamay be themin-











0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
Age (Ma)
tributions of individual Toya Tephra zircons. A: Age distributions (histogram and cumula-




Mean = 0.106 ± 0.013 Ma [13%]  95% conf.
Wtd by data-pt errs only, 1 of 18 rej.
MSWD = 5.1, probability = 0.000




















Fig. 6.U–Pb ages on zircons from the Toya Tephra that are b1Ma. Photos of some analyzed zircons are also shown. Note that experiments 1 and 2 (Exp. 1 and 2) used a 40 μmcircular laser
beam and Exp. 3 a 65 μm square beam.
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The double dating technique employed here is simple in that one can
choose 230Th instead of 235U or just add 230Th in the common LA-ICP-MS
U–Pb dating procedure. Ito et al. (2013a) obtained a comparable U–Pb
zircon age of ~0.1 Ma from the Kakkonda Granite (Japan) using adata-point error ellipses are 2σ




 ge =   a 
MSWD = 20, probability = 0.000  on 75 points
















Fig. 7. U–Th activity ratio diagrams. A: All Toya Tephra zirconquadrupole type ICP-MS coupled with an excimer laser. Compared
with Ito et al. (2013a)'s Fig. 4b, signals of 206Pb are far stronger in this
system (Figs. 8A, 9A), yielding more reliable ages (Note that the urani-
um content of Kakkonda zircons is ~500 ppm and that of Toya zircons
is ~1300 ppm). This is because a sector-ﬁeld ICP-MS surpasses a quad-
rupole ICP-MS several times in sensitivity. Although 230Th signals20
data-point error ellipses are 2σ
230Th/U Age = 108 ± 16 ka E ili
Toya < 1 Ma
(B)
16
      
MSWD = 3.2, probability = 0.000  on 18 points
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s. B: Toya Tephra zircons that showed U–Pb age of b1 Ma.
Table 5
LA-ICP-MS zircon U–Th analytical results for Toya Tephra. U–Pb ages are shown for references. Signal intensities (counts per second: cps) of 230Th, 232Th, 238U and laser energy density are
also included. Data in bold face are used in Fig. 7B.
Sample name energy density 230Th 232Th 238U 232Th/238Ua (238U/232Th)b σ (230Th/232Th)b σ U/Pb age (Ma) 2σ
(J/cm2) (cps) (cps) (cps)
Toya1-1 3.2 262 11,969,506 21,408,472 0.559 5.608 0.126 5.498 0.633 24.58 0.60
Toya1-2 3.9 282 5,979,640 29,464,083 0.203 15.449 0.207 11.856 0.973 −0.12 0.23
Toya1-3 3.3 499 19,244,328 66,614,563 0.289 10.853 0.428 6.528 0.414 0.22 0.28
Toya1-4 3.5 296 15,579,026 22,656,031 0.688 4.560 0.138 4.773 0.404 12.67 0.30
Toya1-5 3.1 55 1,227,301 4,304,824 0.285 10.998 0.056 11.289 3.224 14.01 1.88
Toya1-6 3.1 242 4,702,241 28,289,536 0.166 18.863 0.359 12.965 1.358 0.16 0.45
Toya1-7 3.7 222 5,794,773 25,769,941 0.225 13.943 0.169 9.644 1.055 0.26 0.23
Toya1-8 3.5 174 5,701,528 14,774,601 0.386 8.125 0.079 7.655 1.330 4.58 0.54
Toya1-9 3.7 243 4,731,469 29,045,491 0.163 19.248 0.228 12.933 1.189 0.09 0.40
Toya1-10 3.7 158 2,765,986 9,224,555 0.300 10.457 0.199 14.360 1.528 3.08 0.92
Toya1-11 4.0 2464 613,094,213 5,922,609 103.518 0.030 0.000 1.011 0.036 12.85 25.73
Toya1-12 3.9 105 3,279,427 9,603,341 0.341 9.182 0.150 8.027 1.420 46.15 51.13
Toya1-13 4.0 364 29,409,410 33,471,197 0.879 3.568 0.191 3.109 0.221 0.16 0.32
Toya1-14 3.9 116 3,801,601 8,314,509 0.457 6.857 0.059 7.654 1.060 4.91 0.57
Toya1-15 3.7 108 2,298,917 5,960,735 0.386 8.130 0.122 11.853 2.799 14.29 0.47
Toya1-16 4.0 2641 687,180,703 7,088,332 96.945 0.032 0.000 0.966 0.027 0.66 5.08
Toya1-17 3.8 80 2,235,708 5,188,653 0.431 7.277 0.143 8.986 0.966 7.63 0.69
Toya1-18 3.7 207 6,775,201 22,913,620 0.296 10.604 0.466 7.669 1.018 0.20 0.48
Toya1-19 3.3 176 4,241,067 20,677,847 0.205 15.287 0.465 10.454 0.792 0.19 0.31
Toya1-20 3.7 376 21,999,105 28,145,781 0.782 4.011 0.122 4.304 0.385 30.49 0.82
Toya1-21 4.1 293 6,528,208 29,604,064 0.221 14.218 0.274 11.284 0.711 0.21 0.13
Toya1-22 4.6 403 12,055,753 43,359,873 0.278 11.277 0.270 8.409 0.476 0.11 0.15
Toya1-23 4.6 67 1,423,430 3,494,299 0.407 7.697 0.078 11.843 2.387 15.52 1.42
Toya1-24 4.0 231 6,555,811 26,962,230 0.243 12.895 0.223 8.876 0.898 0.56 0.28
Toya1-25 4.1 309 6,042,417 29,359,605 0.206 15.235 0.383 12.841 1.721 0.22 0.23
Toya1-26 4.5 388 11,575,078 39,950,428 0.290 10.822 0.163 8.439 0.649 0.04 0.04
Toya1-27 4.5 266 5,667,165 27,465,729 0.206 15.196 0.391 11.817 1.385 0.20 0.14
Toya1-28 4.5 144 4,977,497 10,359,589 0.480 6.526 0.181 7.284 0.784 8.14 4.40
Toya1-29 4.3 97 2,478,405 5,765,144 0.430 7.293 0.081 9.876 1.273 11.70 2.79
Toya1-30 4.3 3006 788,907,630 7,507,879 105.077 0.030 0.000 0.958 0.023 −2.59 1.19
Toya2-1 14.9 219 6,461,313 15,942,329 0.405 7.736 0.058 8.542 0.556 3.06 0.13
Toya2-2 17.6 121 6,914,828 11,173,936 0.619 5.067 0.096 4.408 0.601 0.09 0.06
Toya2-3 11.2 715 24,972,170 82,744,312 0.302 10.389 0.177 7.203 0.324 0.10 0.02
Toya2-4 16.6 565 13,852,919 48,552,757 0.285 10.989 0.335 10.252 0.505 0.11 0.02
Toya2-5 16.9 298 10,929,164 21,698,913 0.504 6.225 0.223 6.867 0.590 2.25 1.28
Toya2-6 18.1 3499 1,020,323,573 8,155,556 125.108 0.025 0.001 0.862 0.048 −0.45 1.90
Toya2-8 17.2 4376 1,275,267,079 10,108,653 126.156 0.025 0.002 0.863 0.054 −3.81 5.90
Toya2-9 15.8 794 31,714,856 87,498,768 0.362 8.650 0.095 6.298 0.233 0.11 0.02
Toya2-10 16.3 471 14,530,581 54,084,494 0.269 11.670 0.202 8.153 0.541 0.04 0.04
Toya2-11 12.9 5451 1,843,255,259 15,106,902 122.014 0.026 0.000 0.744 0.012 −0.17 0.15
Toya2-12 12.3 181 3,876,199 10,832,504 0.358 8.762 0.246 11.737 2.610 4.20 3.90
Toya2-13 13.8 4047 1,168,961,968 10,471,544 111.632 0.028 0.001 0.871 0.045 1.11 5.77
Toya2-14 13.2 690 27,823,330 79,086,718 0.352 8.912 0.118 6.241 0.224 0.10 0.02
Toya2-15 13.7 4783 1,499,611,566 11,985,533 125.118 0.025 0.000 0.802 0.033 −0.81 0.68
Toya2-16 15.9 962 160,682,921 41,519,647 3.870 0.810 0.143 1.506 0.121 0.42 0.38
Toya2-19 14.9 410 9,629,324 40,932,003 0.235 13.328 0.347 10.719 0.745 0.52 0.64
Toya2-20 14.6 533 11,902,992 49,974,522 0.238 13.164 0.214 11.271 0.546 0.14 0.06
Toya2-21 12.1 4589 1,533,570,858 12,587,925 121.829 0.026 0.001 0.752 0.046 −0.45 5.05
Toya2-22 12.2 3583 1,009,345,041 7,550,548 133.678 0.023 0.001 0.893 0.034 2.02 2.56
Toya2-23 11.8 457 13,758,459 51,104,000 0.269 11.646 0.514 8.358 0.434 0.10 0.01
Toya2-24 13.4 348 9,920,872 42,904,274 0.231 13.559 0.384 8.822 0.518 0.14 0.02
Toya2-25 12.1 1028 150,599,817 67,142,501 2.243 1.398 0.017 1.717 0.099 13.87 0.53
Toya2-26 12.2 4413 1,539,714,317 12,520,398 122.976 0.025 0.000 0.721 0.021 0.34 0.71
Toya2-27 12.4 3574 1,049,314,528 9,570,696 109.638 0.029 0.001 0.857 0.037 1.79 9.99
Toya2-28 11.4 4401 1,178,955,185 11,053,781 106.656 0.029 0.001 0.939 0.061 −0.72 0.22
Toya2-29 11.5 4754 1,391,474,520 11,836,056 117.562 0.027 0.000 0.859 0.025 −0.05 0.24
Toya2-30 11.3 95 1,868,346 6,768,559 0.276 11.359 0.341 12.854 1.988 2.59 0.36
Toya3-2 6.1 171 4,178,366 11,085,683 0.377 8.319 0.136 10.279 0.924 11.11 2.46
Toya3-3 5.3 558 10,721,718 61,300,112 0.175 17.926 0.253 13.095 1.134 0.37 0.12
Toya3-4 6.0 13,220 2,748,622,479 33,219,101 82.742 0.038 0.000 1.210 0.022 3.10 2.25
Toya3-5 5.9 10,128 2,117,746,683 25,988,300 81.488 0.038 0.000 1.203 0.023 6.74 0.92
Toya3-6 5.4 456 5,923,632 32,840,417 0.180 17.383 2.430 19.374 3.676 8.39 0.27
Toya2-32 5.0 1005 69,271,430 82,481,997 0.840 3.733 1.760 3.650 1.227 0.23 0.21
Toya2-35 5.1 360 7,545,079 24,709,984 0.305 10.268 0.138 11.997 0.648 2.58 0.16
Toya2-36 5.6 434 12,136,382 26,560,200 0.457 6.862 0.130 9.000 0.728 57.60 78.02
Toya2-37 5.3 453 15,794,937 34,687,235 0.455 6.886 0.210 7.208 0.551 17.03 4.24
Toya2-38 4.9 11,448 2,360,194,574 61,663,110 38.276 0.082 0.000 1.220 0.012 2.02 0.54
Toya2-39 5.1 848 60,272,203 58,768,600 1.026 3.057 0.086 3.540 0.147 12.63 6.49
Toya2-40 4.7 476 10,190,749 51,400,676 0.198 15.815 0.314 11.738 0.757 0.17 0.11
Toya2-41 5.0 307 6,633,596 40,212,538 0.165 19.007 0.415 11.627 1.198 0.22 0.15
Toya2-42 4.9 690 19,954,606 67,288,106 0.297 10.573 0.701 8.691 0.619 0.46 0.13
Toya2-43 4.9 398 13,585,478 44,566,196 0.305 10.285 0.561 7.377 0.729 0.53 0.31
Toya2-44 4.9 8106 1,731,506,390 18,894,427 91.641 0.034 0.001 1.177 0.021 4.18 0.48
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Table 5 (continued)
Sample name energy density 230Th 232Th 238U 232Th/238Ua (238U/232Th)b σ (230Th/232Th)b σ U/Pb age (Ma) 2σ
(J/cm2) (cps) (cps) (cps)
Toya2-45 4.9 1788 268,254,238 81,151,891 3.306 0.949 0.057 1.676 0.064 0.67 0.20
a Raw (uncorrected) data.
b Parentheses indicate activity ratios calculated from isotopic ratiosusing the followingdecayconstants:λ232 = 4.9475 × 10−11 yr−1;λ230 = 9.19525 × 10−6 yr−1;λ238 = 1.55125 × 10−10 yr−1.
221H. Ito / Journal of Volcanology and Geothermal Research 289 (2014) 210–223(Figs. 8B, 9B) are weaker than 206Pb signals (Figs. 8A, 9A), the former
signals track more closely with 238U signals, producing higher quality
data as shown in Figs. 8C, 9C.
With regard to U–Pb dating, smaller zircons (e.g. Toya2-23 in Figs. 6,
8) yield more precise and accurate ages than larger zircons (e.g. Toya1-
25 in Figs. 6, 9). This is because signals of 206Pb in Toya2-23 (Fig. 8A)
track far more closely with 238U signals than those in Toya1-25
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Fig. 8. Raw U–Pb (A, C) and U–Th (B, C) data. Data are from Toya2-23 which yielded a U–
Pb age of 0.10 ± 0.01 Ma. Data from 40 s to 50 s were adopted as signals. A photo of this
zircon is shown in Fig. 6. In C, parentheses indicate activity ratios.high Pb contamination from zircon surface (shown in high 206Pb signals
for the time range of 30–40 s in Figs. 8A, 9A). Pb contamination is more
severe in Toya1-25 zircon (Fig. 9A) than in Toya2-23 zircon (Fig. 8A). As
for the experimental conditions, Toya2-23 zircon was more rapidly
drilled than Toya1-25 because of different laser energy densities
(~15 J/cm2 vs. ~4 J/cm2). Although the difference of energy density is
large, the difference of drilling depth is small (~30 μm vs. ~20 μm).
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Fig. 9. Raw U–Pb (A, C) and U–Th (B, C) data. Data are from Toya1-25 which yielded a U–
Pb age of 0.22 ± 0.23 Ma. Data from 40 s to 50 s were adopted as signals. A photo of this
zircon is shown in Fig. 6. In C, parentheses indicate activity ratios.
222 H. Ito / Journal of Volcanology and Geothermal Research 289 (2014) 210–223portion of zircon is used for dating (10–20 μm vs. 7–13 μm). This may
also contribute to some extent to the more precise and accurate U–Pb
ages in Exp. 2 (Fig. 6).
U–Pb dating for young zircons is problematic because of surface Pb
contamination whereas U–Th dating is free from this drawback
(Figs. 8, 9). Therefore simultaneous U–Pb and U–Th dating as employed
here is beneﬁcial because the reliability of U–Pb age is further corrobo-
rated by the U–Th method using the same zircon portion.
Hirose et al. (2000) compiled more than 300 K–Ar and ﬁssion-track
age data for Neogene volcanic rocks in southwestern Hokkaido. Their
data show that volcanism was more active during ~15–0 Ma than
during 25– ~ 15 Ma. Although the U–Pb age data N2 Ma in this study
(Fig. 5A) are not enough and xenocrysts in the sampled Toya pyroclastic
ﬂow reﬂect country rocks only in the vicinity of the Toya Caldera, it is
noteworthy to mention that the U–Pb age distributions in Fig. 5A are
in accordance with the arguments by Hirose et al. (2000). Moreover,
there seems to have been a period of dormancy or reduced volcanic ac-
tivity from 2 Ma until the eruption of the Toya Tephra at ~0.1 Ma.
There are some zircons with remarkably high contents of Th
(N40,000 ppm) and high Th/U ratios (N100) (Tables 2–4). These zircons
are less transparent (a bit brownish) and less euhedral than the other
zircons. Note that they are not inclusions of thorite or allanite in zircon
because the Th/U ratios are constantly high during the laser ablation
from the surface to depths of 20–30 μm. Zircons with Th/U of
100–1000 are rare but found in syenites (e.g. Belousova et al., 2002),
and therefore zircons with high Th/U in the Toya Tephra may be origi-
nated from alkaline rocks distributed in the Japan Sea.
One feature to note is that the residence time in the upper crust of
the silicic magma that produced the Toya Tephra was very short be-
cause the zircon crystallization age in the magma (U–Th–Pb zircon
age in this study) and eruption age (quartz TL age of Ganzawa and Ike
(2011)) are identical (~0.1 Ma) within analytical error. One merit of
LA-ICP-MS over SHRIMP is that it can determine the U–Pb age from
the surface (or rim) to the core during the same analysis because LA-
ICP-MS drills down from the surface to ~30 μm in depth, whereas
SHRIMP drills only 1–2 μm in depth. As the Toya Tephra zircons are
small (mostly b150 μm), drilling to 30 μm reaches the core (in fact,
some zircons were drilled through by laser ablation). Inspecting all the
18 zircons that yielded U–Pb ages younger than 1 Ma, no inherited
cores showing older ageswere detected (if they exist, they should result
in a higher value of 206Pb/238U ratio at a later stage of laser ablation in
diagrams such as Figs. 8C and 9C). This corroborates the argument
that crystallization and eruption were coeval. This ﬁnding is contrary
to similar studies on longevity of silicic magma systems that argue
that silicic magmas remain for several hundreds of thousands of years
in the upper crust above their solidii (e.g. Bacon and Lowenstern,
2005; Charlier et al., 2005; Bachmann et al., 2007).6. Conclusions
LA-ICP-MS U–Pb and U–Th double dating was performed on zircons
from the age-constrained ~0.1 Ma Toya Tephra. Two important conclu-
sions revealed by this study are:
(1) It is recommended to analyze 230Th in routine LA-ICP-MS U–Pb
dating procedures for dating young zircons. This enables U–Pb
ages, susceptible to Pb contamination, to be easily cross-
checked with U–Th ages. The Fish Canyon Tuff zircon is a useful
standard for simultaneous U–Pb and U–Th dating.
(2) The time of the zircon crystallization in the magma and the fol-
lowing gigantic eruptions were revealed to be coeval at
~0.1 Ma for the Toya Tephra. Smaller zircons, which could be
neglected in routine U–Pb analyses, yielded the most precise
and accurate U–Pb ages. Therefore more attention should be
given to small (~100 μm-size) zircons.Acknowledgments
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